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This  document  reports  progress  on  the  demonstration  of  an  analog-to-digital 
converter  using  Josephson  junction  SQUID  circuit?.  The  projected  perfor¬ 
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SUMMARY 


We  have  developed  sufficient  technology  to  make  superconducting  micro 
wave  integrated  circuits  with  four  active  elements.  This  has  enabled  us  to 
fabricate  pairs  of  coupled  scaler  cells  and  study  their  free-running  perform¬ 
ance  at  high  frequencies.  Coupling  between  a  first  cell  running  at  15  GHz  and 
a  second  at  7.  5  GHz  has  been  demonstrated  and  continues  to  be  actively  inves 
tigated.  Also  we  have  developed  the  necessary  computer  programs  and  suc¬ 
cessfully  performed  a  comprehensive  simulation  of  analog /digital  (A/D) 
conversion,  and  have  established  criteria  for  the  microwave  design.  An 
ultimate  response  time  of  0.  25  ps  has  been  predicted  for  sufficiently  small 
devices,  leading  to  picosecond  aperture  times  per  bit. 
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FIGURES 


1.  (a)  General  View  of  Sapphire  Substrate,  (b)  Photo¬ 
micrograph  of  a  Coupled  Pair  of  dc  SQUIDs . 

2.  Critical  Current  Density  vs  Oxidation  Time . 

3.  (a)  Photomicrograph  of  5  p.m  Diode,  (b)  Scanning 

Electron  Micrograph  of  2.  5  )i.m  Diode . 

4.  Electrical  Circuit  of  Two  Coupled  Scaler  Cells . 

5.  Current  vs  Voltage  Curves  for  the  Circuit  Shown  in 

Fig.  4  . 

6.  Circuit  for  Simulation  of  A/D  Conversion . 

7.  Pulse  Shape  for  Single  Cell  with  Three  Values  of 

Capacitance  (e  =  R^C/L)  and  8  =  it,  Iq  =  0.  85  Ic . 

8.  Pulse  Shape  for  Single  Cell  with  Three  Values  of 
Propagation  Delay  (2T)  Between  Junctions  and 

e  =  0.  25,  8  =  ir,  Iq  =  0.  85  Ic . 

9.  Simulation  of  Converter  Response  with  Quantizer 

and  Two  Scaler  Cells . 

10.  Simulation  of  Converter  Response  with  Nominal  Circuit 

Parameters  Except  that  Tx  =  5  . 

11.  Simulation  Same  as  in  Fig.  9 . 

12.  Simulation  Same  as  in  Fig.  9  Except  that  a  Fast 

Ramp  is  Used  (i  =  2.5  Ic  R/L) . 

13.  Simulation  Same  as  in  Fig.  12 . 

14.  Simulation  to  Demonstrate  Ultimate  Performance  .  .  .  . 

15.  Design  Parameters  for  a  Critically  Damped  SQUID 

with  8 -Value  of  it . 
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INTRODUCTION 


In  1978,  we  introduced  a  concept  for  the  front  end  of  a  high  speed 
superconducting  A/D  converter.*  The  analog  signal  is  applied  to  a  single¬ 
junction  SQUID  and  converted  into  a  pulse  train  resulting  from  fluxoid  tran¬ 
sitions.  These  are  counted  in  a  chain  of  bistable  dc  SQUIDs  that  successively 
scale  the  pulse  train  by  a  factor  2.  The  bit  count  stored  in  the  array  is  gated 
out  in  parallel,  with  each  sampling  interval  being  used  to  provide  the  digitized 
signal.  These  SQUIDs  would  be  performing  both  logic  and  memory  functions 
at  the  single  fluxoid  level. 

We  have  concentrated  our  attention  on  two  aspects  of  this  device  in 
FY  79;  performance  simulation  and  demonstration  of  high  speed  scaling. 

The  performance  has  been  simulated  on  a  computer,  and  criteria  established 
for  the  microwave  SQUID  design.  These  criteria  include  dimensionality, 
impedance,  damping,  p-factor,  and  both  inter-  and  intra-SQUID  delays. 
Rather  than  trying  to  demonstrate  scaling  directly,  we  chose  to  pursue 
subharmonic  frequency  locking  between  SQUIDs.  Two  coupled  dc  SQUIDs 
were  fabricated,  the  first  to  generate  and  self-detect  frequencies  near 
15  GHz,  and  the  second  to  operate  at  7.  5  GHz. 


J.  P.  Hurrell  and  A.  H.  Silver,  "SQUID  Digital  Electronics. 11  Future  Trends 
in  Superconductive  Electronics.  Vol.  44,  American  Institute  of  Physics, 
New  York  (1978),  p.  437. 
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PROGRESS 


FABRICATION 

We  have  used  the  lead/indium  alloy  technology  developed  by  IBM  to 
fabricate  Josephson  tunnel  junctions  that  are  integrated  with  microstrip 
transmission  lines  composed  of  the  same  alloys  with  a  SiO  dielectric  spacer. 
We  have  not  used  a  separate  ground  plane,  and  consequently  all  devices  — 
namely  diodes,  resistors,  and  coupling  transformers  —  are  essentially  sand¬ 
wiched  between  the  two  conductors. 

The  devices  are  fabricated  on  a  polished  sapphire  substrate  with  dimen¬ 
sions  of  1  x  0.  5  x  0.  025  in.  A  typical  wafer  can  be  seen  in  Fig.  1(a).  Two 
identical  circuits  have  been  constructed  and  connected  to  a  contact  pad  array. 
Figure  1(b)  is  a  photomicrograph  of  one  of  these  circuits,  used  to  investigate 
the  performance  of  a  pair  of  coupled  dc  SQUIDs.  Thin  film  resistors,  com¬ 
posed  from  a  gold/ palladium  alloy,  are  first  evaporated  and  patterned.  The 
first  base-electrode  of  a  pair  of  coupled  SQUIDs  is  then  deposited.  Approxi¬ 
mately  200  A  of  indium,  followed  by  2000  A  of  lead,  is  evaporated  and  pat¬ 
terned  with  a  "lift-off"  stencil  formed  from  Shipley  photoresist  soaked  in 
chlorobenzene.  Next  the  first  transformer  dielectiic  spacer  is  deposited. 

The  SiO  is  evaporated  at  less  than  10  A/s  in  a  vacuum  of  10  ^  Torr  and  is 
patterned  in  the  same  manner.  Then  the  second  base-electrode  of  the  pair 
and  the  microstrip  spacer  are  deposited.  Windows  are  left  for  the  tunnel 
junctions  and  for  contact  to  the  resistors.  The  tunnel  junction  oxide  is  grown 
in  radio-frequency  (rf)  plasma  glow  discharge,  following  a  sputter  cleaning. 
The  log  current  density  is  inversely  proportional  to  the  oxidation  time,  as 
shown  in  Fig.  2.  About  4  W  of  rf  is  applied  to  an  8-in.  electrode  in  an 
oxygen  atmosphere  at  20  m  Torr.  Finally,  the  top  electrode,  which  is  also 
the  ground  plane  for  the  microstrip,  is  deposited.  Typically  5000  A  of  pure 
lead  is  used. 
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Fig.  1.  (a)  General  View  of  Sapphire  Substrate. 

(b)  Photomicrograph  of  a  Coupled  Pair  of 
dc  SQUIDs. 


TIME  (mini 


Critical  Current  Density  vs  Oxidation  Time.  Individual 
points  show  both  the  variation  from  run  to  run  and  the 
vartion  on  the  substrates. 


All  metal  evaporations  are  carried  out  at  10"  Torr  in  a  vacuum 
system  evacuated  by  a  6-in.  diffusion  pump,  baffled  by  a  liquid  nitrogen 
cold  trap.  A  multiple  source,  Temescal  e-gun  is  used  to  evaporate  the 
metals.  The  SiO  is  evaporated  from  a  resistively  heated  baffle  box.  Radio¬ 
frequency  sputter  cleaning  is  performed  prior  to  all  depositions  to  improve 
film  adhesion. 

The  minimum  linewidth  being  used  in  this  photoresist  technology  is 
20  pm.  Whereas  this  can  comfortably  be  reduced  with  higher  resolution 
masks,  ultimate  goals  for  high  speed  require  submicron  dimensions.  These 
can  be  achieved  only  by  special  photoresist  techniques  or  by  electron  lithog¬ 
raphy.  Consequently,  the  use  of  an  electron  resist  to  pattern  small  diodes 
is  being  investigated.  We  have  fabricated  SiO  windows  via  "lift-off"  with 
polymethylmethacrylate  stencils  down  to  1-pm  dimension.  Figure  3(a)  is  a 
photomicrograph  that  shows  the  general  layout  for  a  5-pm  diode,  and  Fig.  3(b) 
is  a  scanning  electron  microscope  (SEM)  picture  of  the  top  of  a  2.  5-pm  diode. 
Our  current  yield  of  devices  with  these  small  dimensions  is  low,  and  we  do 
not  anticipate  that  consistent,  smaller  devices  can  be  easily  achieved  with 
this  geometry. 

Also  we  are  attempting  to  emulate  more  closely  the  IBM  technology. 

In  particular,  we  are  depositing  niobium  ground  planes  on  silicon  wafers, 
and  are  fabricating  diodes  with  the  sputter  oxidation  process.  Neither  the 
yield  nor  the  quality  of  their  I-V  curves  has  consistently  approached  those 
of  the  glow-discharge  fabricated  diodes,  as  yet. 
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PERFORMANCE  OF  COUPLED  SCALER  CELLS 


We  had  studied  previously  the  dynamics  of  circulating  currents  in  dc 
2 

SQUIDs.  The  circulating  current  reverses  its  direction  in  the  scaler  cell 
with  the  application  of  a  short  pulse  to  the  center  of  the  SQUID,  and  an 
associated  voltage  pulse  is  detected  alternately  at  each  junction.  If  the 
SQUID  is  underdamped,  current  steps  can  occur  in  its  I-V  curve  when  the 
internal  LC  resonance  is  excited  at  half-integral  flux  bias.  This  implies  that 
the  SQUID  can  operate  as  an  oscillator  and  self-detector  at  the  same  time. 
Consequently,  we  have  used  a  dc  SQUID  as  a  source  of  microwave  current  in 
the  vicinity  of  its  LC  resonant  frequency,  and  have  applied  this  current  to 
the  center  of  a  second  similar  dc  SQUID.  By  monitoring  the  performance  of 
this  second  SQUID,  we  are  able  to  ascertain  whether  appropriate  coupling 
and  subharmonic  phase  locking  has  been  achieved.  In  particular,  the  LC 
resonance  in  the  second  SQUID  is  selected  to  be  at  the  same  frequency  as 
that  in  the  first.  Then  a  resonance  step  induced  at  half  this  frequency  results 
from  the  scaling  action  or  frequency  division  envisaged  in  the  A/D  converter. 

The  electrical  circuit  is  shown  in  Fig.  4.  Transformer  coupling 
between  SQUIDs  should  ensure  dc  isolation.  The  circuit  has  not  been  opti¬ 
mized,  and  external  inductances  that  are  comparable  to  those  of  the  SQUIDs 
remain.  Nevertheless,  adequate  coupling  should  exist  for  the  second  SQUID 

to  be  driven  by  the  first.  The  SQUID  parameters  are  similar  to  those 

2 

reported  previously.  Figure  5  shows  the  two  I-V  curves  for  a  particular 
run.  Curve  exhibits  the  resonance  step  of  SQUID  1  at  approximately 
30  pV,  implying  a  frequency  of  15  GHz.  Curve  exhibits  two  resonance 
steps,  one  at  about  30  pV  (its  own  resonance)  and  a  second  step  at  approxi¬ 
mately  15  pV,  implying  an  enhanced  circulating  current  component  at  7.5  GHz. 
The  dotted  line  traces  the  I-V  curve  for  the  second  SQUID  with  integral  flux 
bias,  showing  the  expected  absence  of  any  resonances.  Conclusive 
demonstration  of  this  proposed  phase  locking  at  subharmonic  frequencies 
is  marred  by  a  ubiquitous,  quasi  dc  coupling  between  the  SQUIDs  that  directly 
couples  their  I-V  curves.  This  problem  is  currently  under  investigation. 


2 

Y.  Song  and  J.  P.  Hurrell,  "LC  Resonance  Steps  in  the  I-V  Characteristics 
of  dc  SQUIDs.  "  IEEE  Trans.  Mag.  15,  428  (1979). 
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SIMULATION 


We  have  extended  our  simulation  of  the  performance  of  this  A/D  con¬ 
verter  by  studying  the  behavior  of  an  SJ-SQUID  coupled  to  an  array  of  two  or 
more  DJ-SQUIDs  via  microstrip  transmission  lines. 

Junction  performance  is  represented  by  a  tunneling  current  I  sin  0  + 
G(0)V  and  a  displacement  current  CV.  I  is  the  junction  critical  current, 

V  =  (4^/21*10  is  the  junction  voltage,  0  is  the  superconducting  phase  difference 
across  the  junction,  C  is  the  capacitance  of  the  junction,  and  G(0)  represents 
quasiparticle  tunneling  effects.  G(6)  may  be  safely  ignored  in  the  presence 
of  loading  impedances  R,  Zx  as  long  as  frequencies  remain  far  below  the  gap 
frequency.  This  point  will  be  considered  later  when  the  issue  of  ultimate 
speed  is  addressed.  At  microwave  frequencies,  small  lumped  inductances 
become  difficult  to  use  and  microstrip  is  usually  substituted.  This  may  lead 
to  propagation  delay  effects,  which  can  be  included  in  the  calculation  by  allow¬ 
ing  a  microstrip  impedance  Z  and  propagation  delay  2t.  The  design  issues 
that  arise  from  the  effects  of  both  C  and  t  will  be  discussed  in  a  later  section. 
The  microstrip  coupling  between  SQUIDs  is  represented  by  impedances  Z 
and  propagation  delays  of  tx.  A  series  resistance  R/2  is  included  (as  shown 
in  Fig.  6)  to  provide  some  additional  damping  and  matching.  In  general  Z 
*n<*  Zx  are  not  e<lua^'  an<*  parasitic  inductances  may  exist  between  the  tunnel 
junctions  and  the  microstrips;  they  are  not  included  in  the  calculations. 

Circuit  simulations  require  a  set  of  integrable  equations  that  describe 
the  performance  of  these  junctions  in  the  microwave  circuits.  Rather  than 
use  standard  computer  programs,  we  chose  to  derive  the  circuit  equations 
and  integrate  them  directly.  Two  types  of  transmission  lines  have  to  be 
considered,  namely,  the  interconnection  between  SQUIDs  and  the  intraconnec¬ 
tion  between  junctions  in  the  DJ- SQUID.  Different,  but  equivalent,  sets  of 
equations  are  used  for  the  two  types  of  connections. 

The  interconnection  between  SQUIDs  requires  that  the  input  to  the  first 
SQUID  be  transformed  from  the  output  of  the  second  and  vice  versa 
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Fig.  6.  Circuit  for  Simulation  of  A/D  Conversion 
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V8(t)  -  ZxI8(t)  =  Vc(t  -  Tx)  +  (R/2  -  Zx)  {lc(t  -  Tx)  -  I0| 


(1) 


=  -Z  I  (t  -  T  ) 
X  X  X 


and 


Vc,„  =  Zxy«  -  2y  +  2Vs(,  -  rx)  .  (R/2  +  Zj[)  (  Ic(t)  -  !„}  (2) 

The  intraconnection  in  the  DJ-SQUID  transforms  the  input  V  ,  I  to  the 

c  c 

two  junctions  as  follows 


O  |  -O 

-  z(t  vc,  ic  z,r  —  vr 
O  1  -o 


W 


ZI  (t)  =  Z  I  (t  -  2t)  +  2  /  V  (t)  +  V  (t  -  2t)  -  V,(t  -T) 
c  c  (  c  C  1 


V2(t  -  T 


(3) 


and 


Vj(t)  +  ZI.  (t)  =  Vj(t  -  2t)  +  Zfyt  -  2r)  +  2  |  Vc(t  -r)  -  V.(t  -  2r)  J  (4) 
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with  j  =  1,  2  representing  the  right-  and  left-hand  junctions,  respectively. 

The  inductance  Lg  of  the  quantizer  module  shown  in  Fig.  6  was  assumed 
to  be  a  lumped  impedance.  Then  the  single  node  equation,  transformed  by 
Eq.  (1)  becomes 

CV>(«)  +  (r-1  +  z;1)  Vs(t>  =  I(t)  -  L'i[+X.  +  V2’  V*>]  -  !c.  *ln  «,<*> 

-y*  -  T*>  (5> 

with 

(<P0/2tt)  es(t)  =  Vs(t)  (6) 

Symbolically  these  equations  transform  I(t),  Ix(t  -  t^)  into  Vg(t).  In  order 
to  integrate  these  equations,  we  assume  I(t)  =  0  for  t  <0  and  at  t  *  0  the 
quantizer  resides  in  the  stationary  state  defined  by 

L8Ics  sin  08(O)  +  4>xs  +  (<t>0/2ir)e8(0)  =  0  (7) 

Since  Ix(t)  =  0  for  t  <tx>  the  equations  can  be  integrated  immediately  up  to 

t  =  2  t  . 
x 

Junction  equations  for  the  first  scaler  module  may  be  written  in  similar 
fashion  using  Eq.  (1) 

CV^t)  +  (z'1  +  Z^VjIt)  =  Ij(t)  -  Ic  sin  6j(t)  -  Ix(t  -  tx)  (8) 

CV2(t)  +  (z_1  +  R-1)v2(t)  =  I2(t)  -  Ic  sin  02(t)  (9) 

with 


(4>./27r)e.(t)  =  V,(t) ,  j  =  1,  2 


(10) 


Similar  equations  can  be  written  for  succeeding  scaler  modules.  The 
chain  is  completed  with  a  matched  load,  which  imposes  the  condition 

yt)  =  (r-1  -  z^jv^t)  d7) 

for  the  final  junction.  This  forms  a  closed  set  of  first  order  differential 

equations  and  difference  equations  for  the  circuit  simulation. 

As  a  preliminary  exercise  we  have  pursued  the  transient  response  of 

a  single  scaler  cell;  the  quantizing  cell  has  received  adequate  attention  in  the 

literature.  The  transient  response  of  an  isolated  scaler  cell  can  be  evaluated 

by  determining  the  response  to  its  own  output  pulse  when  tx  is  extended  until 

no  reflections  occur  before  the  pulse  is  over.  In  the  simulation,  we  have  put 

Z  =  R  and  p  =  If  the  DJ-SQUID  inductance  2L  is  determined  by  fixing  the 
x  2 

flux  quantum  energy  <}>  q/4L,  the  values  of  Z  and  t  become  related  by  L  =  Zt. 

Then  different  values  of  t  are  achieved  by  choosing  different  impedances  Z. 

In  the  first  simulation,  shown  in  Fig.  7,  the  output  voltage  has  been 

2 

calculated  for  different  capacitances  C,  in  the  limit  t  —0;  «  =  R  C/L.  The 
absence  of  capacitance  is  represented  by  «  =  0;  critical  damping  occurs  for 
«  =  0.  25,  and  severe  underdamping  is  simulated  by  taking  *  =  1.  The  curves 
show  that  some  capacitance  can  be  tolerated  in  the  SQUID  without  seriously 
degrading  its  performance.  The  shape  of  the  pulse  depends  on  the  value  of 
the  bias  current  1^,  and  a  value  Iq  =  0.  85  Ic  was  chosen.  A  value  of  capaci¬ 
tance  appropriate  to  critical  damping  becomes  a  natural  choice  that  imposes 
the  least  restriction  on  junction  size  and  current  density  while  maintaining  a 
good  performance. 

The  simulation  shown  in  Fig.  8  was  generated  with  «  =  0  and  I  =  0.  85  I  . 

u  c 

In  this  case,  finite  values  of  t  have  been  chosen,  resulting  in  pulse  broaden¬ 
ing  from  the  distributed  capacitance  in  the  microstrip,  r  values  are  written 
in  units  of  (L/R),  such  that  t  =  1  occurs  for  Z  =  R.  Remembering  that 
Zx  =  R,  we  have  Z  =  Zx  for  t  =  1.  This  corresponds  to  a  design  in  which 
the  microstrip  connecting  the  SQUIDs  is  identical  to  that  providing  the  SQUID 
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Here  Ix(t)  represents  the  input  from  the  second  scaler  module  and 
I.(t)  s  Z” 1  V.(t)  +  l‘(t) 

=  E(t  -  2t)  +  2Z_1|vc(t  -T)  -  y.(t  -  2t)  ^  from  Eq.  (4)  (11) 

The  equations  for  the  scaler  module  are  completed  with  the  following 

difference  equations  for  I  (t)  from  Eq.  (1),  and  V  (t),  I  (t)  from  Eqs.  (2) 

x  c  c 

and  (3) 

Ix(t)  =  (1  -  R/2Zx)(Ic(t)  -  IQ)  -  Z^V.U)  (12) 

V  (,)  =  [l  +  jzv  («  -  Tx)  ♦  2xyt  -  2tx)  -  (R/2  +  Zx) 

(13) 

Ic(t  -  2t)  -  IQ  +  2Z”1£V;(t  -  2t)  -  Vj(t  -t)  -  V2(t  -r) 

Ic(t)  =  Ic(t  -  2t)  +  2/Zj’Vc(t)  +  Vc(t  -  2r)  -  Vj(t  -t  )  -  V2(t  -  r)J  (14) 

Symbolically  these  equations  transform  Vg(t  -  t^),  Ix(t  -  tx)  into  V^t), 

I  (t).  Clearly  the  integration  can  now  be  carried  out  up  to  t  =  3tx  +t  .  Initial 
states  at  t  =  0  are  defined  by 

IQ  =  Ic[sin91(0)  +  sin02(O)]  (15) 

ZTl^fsin  9  j(0)  -  sin  02(O)]  ±<j>Q/2  +  ( 4>Q / 2-rr) [e x (0)  -  02(O)]  =  0  (16) 
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inductance.  A  value  of  t  <0.25  appears  to  be  necessary  to  prevent  excessive 
broadening  and  delay.  This  imposes  an  impedance  requirement  of  Z  >  4Z^. 

These  guidelines  have  been  imposed  on  the  complete  simulation  of  A/D 
conversion.  Nominal  values  for  the  scaler  cells  become  t  =  0.  25(L/R), 

=  R,  €  =  0.25  and  p  =  x.  The  quantizer  cell  was  also  chosen  with  a  /3 
value  of  ir,  but  delay  effects  were  neglected  with  t  =  0.  The  choice  of  induc¬ 
tance  L>s  =  \f 2L  was  made  to  minimize  some  of  the  effects  resulting  from 
the  differences  between  the  SJ-SQUID  and  the  DJ-SQUID,  but  this  choice  does 
not  strongly  affect  the  results. 

A  nominal  converter  response  is  shown  in  Fig.  9.  This  has  been 
derived  for  a  ramp  signal  I  =  IcR/10L,  terminated  and  maintained  at  constant 
value  after  the  quantizer  had  been  driven  through  three  levels.  The  value 
=  0.  5(L/R)  was  selected  to  maintain  a  propagation  delay  between  SQUIDs, 
yet  to  remain  close  to  lumped  performance  so  that  the  full  consequences  of 
mutual  reflections  among  the  cells  could  be  exhibited.  Two  scaler  cells  were 
included  and  the  bar  quantities  refer  to  the  second  scaler.  In  the  first  event, 
the  quantizer  drives  the  first  scaler,  which  in  turn  drives  the  second  scaler 
corresponding  to  the  bit  change  (11)  —  (00).  The  excessive  ringing  of  as 
compared  to  illustrates  the  need  for  more  damping  between  scaler  cells. 

A  similar  improvement  in  the  ringing  is  achieved  by  increasing  the  value  of 
tx  and  delaying  the  reflected  pulses,  as  seen  in  Fig.  10,  where  two  level 
changes  have  been  simulated  with  a  similar  ramp  input.  The  second  event 
in  Fig.  9  switches  only  the  first  scaler  corresponding  to  (00)  —(10).  The 
third  event  mirrors  the  first  with  (10)  —  (01). 

Figure  11  displays  the  same  events  of  Fig.  9  in  terms  of  junction 
phases  evolving  with  time.  The  signal  curve  merely  shows  the  quantizer 
drive.  If  the  ramp  speed  is  increased  the  quantizer  switches  faster,  as  do 
the  scaler  cells,  but  delays  are  incurred  because  the  SQUIDs  tend  to  respond 
with  their  natural  (L/R)  times.  Figures  12  and  13  demonstrate  this  response 
for  I  =  2.  5  Ic(R/L).  Even  at  this  speed,  the  converter  will  maintain  correct 
scaling  action  as  long  as  the  ramp  level  is  maintained  at  the  end  of  the  sweep. 


Fig.  8.  Pulse  Shape  for  Single  Cell  with  Three  Values  of 
Propagation  Delay  (2t)  Between  Junctions  and 
«  =  0.25,  p  =ir,  I0  =  0.  85  Ic 
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Fig.  II.  Simulation  Same  as  in  Fig.  9.  Response  shown  in 
terms  of  junction  phases. 
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The  value  of  the  bias  current  Iq  affects  the  gain  of  the  SQUIDs  as  logic 
elements.  A  low  value  of  Iq  can  reduce  the  gain  sufficiently  such  that  suc¬ 
cessive  scalers  will  not  switch.  A  high  value  results  in  excessive  gain,  and 
false  triggering  occurs  from  the  reflected  signals.  The  range  0.6  <  IQ/Ic< 
0.9  brackets  the  useful  bias  currents  for  SQUIDs  with  p  =  w. 

The  mutual  reflections  among  the  scaler  cells  deserve  more  attention. 
The  largest  reflection  seen  in  Fig.  10  does  not  produce  a  false  triggering. 
This  reflection  becomes  more  serious  when  t  is  reduced,  as  in  Fig.  9, 
though  even  here  false  triggering  does  not  occur.  The  issue  of  inductive 
loading  between  the  SQUIDs  arises  because  the  short  sections  of  microstrip 
are  inductive.  When  t  »(L/R),  the  SQUID  is  loaded  by  Z  during  both  the 
evolution  of  the  pulse  and  the  reflected  signal;  this  prevents  excessive  ring¬ 
ing  in  the  response.  Whenr^  <(L/R),  the  SQUID  becomes  loaded  by  an 
impedance  generated  by  the  succeeding  SQUID  in  series  with  an  inductor 
L  =  Z  t  Raising  the  value  of  L  by  increasing  Z  increases  the  magni- 
tude  of  this  ringing,  which  is  insufficiently  damped  by  the  resistor  R/2. 
Increasing  Lx  from  0.  25  (2L)  to  (2L)  fails  to  induce  false  triggering,  but  the 
settling  time  is  extended  as  the  increase  in  (2Lx/R)  would  indicate.  Conse¬ 
quently,  design  of  the  circuit  should  try  to  minimize  external  inductances 
where  appropriate. 

Apart  from  optimizing  p  values  in  the  SQUIDs,  the  ultimate  speed  of 
this  serial  front-end  design  for  an  A/D  converter  is  limited  by  how  small 
(L/R)  can  be  made.  For  the  DJ-SQUIDs,  (L/R)  =  p  <|>q/4itRIc  =<f>0/4RIc  for 
P  =  if .  Consequently,  minimizing  (L/R)  is  equivalent  to  maximizing  the 
product  RIC-  When  this  is  performed,  the  current  through  the  load  impedance 
R  will  begin  to  compete  with  the  quasiparticle  tunneling  in  the  junctions.  This 
can  be  accommodated  in  the  simulations  by  restoring  the  voltage  dependent 
current  G(6)V  in  the  tunnel  junctions.  We  have  included  this  term  in  an  ele¬ 
mental,  nonrigorous  manner  by  introducing  the  normal  junction  resistance 
Rn  above  the  gap  voltage  and  writing 
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G-1(0)  =  R  for  V  >  V 
n  g 

=  10  R  for  V<  V 
»  g 

RnIc  =  0.619  Vg  for  lead  tunnel  junctions.  When  Rn  becomes  comparable  to 
R,  extra  damping  of  the  junctions  occurs  and  the  voltage  pulses  are  clipped. 
Eventually  the  gain  is  reduced  sufficiently  such  that  succeeding  SQUIDs  are 
not  switched  by  the  quantizer.  A  value  (Rn/R)  =  0.  5,  which  lies  close  to  the 
minimum  acceptable  value,  has  been  chosen  for  the  simulation  shown  in 
Fig.  14.  Writing 

(l/r)  .  ^)(trr)  '18> 

and  taking  to  be  2.  4  mV,  we  find  (L/R)  =  2.  5  x  10~*^s. 

We  have  considered  more  than  two  scaler  cells  to  demonstrate  that  an 
extended  array  of  SQUIDs  will  exhibit  correct  scaling  action.  The  results  for 
four  scaler  cells  exhibited  no  unexpected  problems. 

DESIGN  CONSIDERATIONS 

We  have  discussed*  the  design  criteria  for  critically  damped  SJ-SQUIDs 
constructed  with  microstrip  technology  and  Josephson  tunnel  junctions  similar 
to  the  IBM  technology.  The  design  for  p  =  it  was  parametrized  in  terms  of  the 
(L/2R)  time  constant  r  and  the  flux  quantum  energy  E  s$q/2L.  Those  results 
are  reproduced  in  Fig.  15.  It  was  assumed  that  the  junction  width  w  was 
equal  to  that  of  the  microstrip,  which  provided  not  only  the  SQUID  inductance 
L  but  also  the  loading  impedance  such  that  Z  =  =  R.  The  junction  length  6 

was  imposed  by  the  junction  capacitance  necessary  to  produce  critical  damp¬ 
ing.  Then  the  current  density  J  was  determined  by  the  critical  current  Ic 
(controlled  by  E  and  p)  and  the  junction  area  w6.  Smaller  junctions  can  be 
considered,  if  overdamping  is  necessary,  by  raising  the  current  density  and 
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Simulation  to  Demonstrate  Ultimate  Performance. 
Ramp  speed  is  t  =  0.  5  lc  R/L  and  junction  shunting 
resistance  Rj^  =  0.5  R. 
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Fig.  15.  Design  Parameters  for  a  Critically  Damped  SQUID 
with  0-Value  of  ff.  r  represents  the  switching  time 
L/2R. 


hence  the  plasma  frequency.  Ultimate  high  speeds,  however,  require  small 
junctions.  Consequently,  overdamping  merely  makes  high-speed  performance 
more  difficult  to  achieve.  Two  microstrip-dielectric-spacer  choices  were 
considered:  1500  A  SiO  and  500  A  Nb^O^. 

The  energy  E  was  specified  in  units  of  kT(4.  2K)  to  demonstrate  the 
relative  immunity  to  thermal  noise.  Spontaneous  switching  of  the  SQUIDs 
will  occur  when  E  is  too  small.  Practical  limitations  associated  with  pene¬ 
tration  lengths  restrict  the  maximum  value  of  E. 

The  need  to  restrict  internal  propagation  delay  within  the  SQUIDs  by 
lumping  L  has  imposed  an  impedance  requirement  of  Z  >  4Z^.  This  increased 
inductance  per  unit  length  can  be  achieved  by  increasing  the  dielectric-spacer 
thickness  and/or  reducing  the  effective  width  of  the  microstrip.  This  dis¬ 
continuity  may  also  generate  parasitic  inductance,  which  should  be  minimized 
in  the  external  circuit  involving  the  load  impedance.  Should  the  need  arise 
for  miniaturization,  Z  may  be  further  increased. 

Efficient  coupling  to  the  input  SQUID  is  required  for  weak  signals.  This 
can  be  achieved  with  a  broadband  impedance  transformation  to  the  micron¬ 
sized  microstrip.  Some  filtering  is  necessary,  however,  to  isolate  the 
fluxoid  pulses  from  the  signal.  The  output  from  the  buffer  memory  with  high 
clocking  rates  also  requires  special  attention. 
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LABORATORY  OPERATIONS 

The  Laboratory  Operations  of  The  Aerospace  Corporation  is  conducting 
experimental  and  theoretical  investigations  necessary  for  the  evaluation  and 
application  of  scientific  advances  to  new  military  concepts  and  systems.  Ver¬ 
satility  and  flexibility  have  bt  <  n  developed  to  a  high  degree  by  the  laboratory 
personnel  in  dealing  with  the  many  problems  encountered  in  the  nation's  rapidly 
developing  space  and  missile  systems.  Expertise  in  the  latest  scientific  devel¬ 
opments  is  vital  to  the  accomplishment  of  tasks  related  to  these  problems.  The 
laboratories  that  contribute  to  this  research  are: 

Aerophysics  Laboratory:  Launch  and  rconirv  aerodynamics,  heat  trans¬ 
fer,  reentry  physic s,  chemical  kinetics,  structural  mechanics,  flight  dynamics, 
atmospheric  pollution,  and  high-power  gas  lasers. 

Chemistry  and  Physics  Laboratory:  Atmospheric  reactions  and  atmos- 
pheric  optics,  chemical  reaction?  in  polluted  atmospheres,  chemical  reactions 
of  excited  species  in  rocket  plumes,  chemical  thermodynamics,  plasma  and 
laser-induced  reactions,  laser  chemistry,  propulsion  chemistry,  space  vacuum 
and  radiation  effects  on  materials,  lubrication  and  surface  phenomena,  photo¬ 
sensitive  materials  and  sensors,  high  precision  laser  ranging,  and  the  appli¬ 
cation  of  physics  and  chemistry  to  problems  of  law  enforcement  and  biomedicine. 

Electronics  Research  Laboratory:  Electromagnetic  theory,  devices,  and 
propagation  phenomena  including  plasma  electromagnetics:  quantum  electronics, 
lasers,  and  electro-optics;  communication  sciences,  applied  electronics,  semi¬ 
conducting,  superconducting,  and  crystal  device  physics,  optical  and  acoustical 
imaging:  atmospheric  pollution;  millimeter  wave  and  far-infrared  technology. 

Materials  Sciences  Laboratory:  Development  of  new  materials:  metal 
matrix  composites  and  new  forms  o t  carbon:  test  and  evaluation  of  graphite 
and  ceramics  in  reentry;  spacecraft  materials  and  electronic  components  in 
nuclear  weapons  environment;  application  of  fracture  mechanics  to  stress  cor¬ 
rosion  and  fatigue -induced  fractures  in  structural  metals. 

Space  Sciences  Laboratory:  Atmospheric  and  ionospheric  physics,  radia¬ 
tion  from  the  atmosphere,  density  and  composition  of  the  atmosphere,  aurorae 
and  airglow;  magnetospheric  physics,  cosmic  rays,  generation  and  propagation 
of  plasms  waves  in  the  magnetosphere:  solar  physics,  studies  of  solar  magnetic 
fields;  space  astronomy,  x-ray  astronomy;  the  effects  of  nuclear  explosions, 
magnetic  storms,  and  solar  activity  on  the  earth's  atmosphere,  ionosphere,  and 
magnetosphere;  the  effects  of  optical,  electromagnetic,  and  particulate  radia¬ 
tions  in  space  on  space  systems. 
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